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Abstract We demonstrate that graphene-based transpar-
ent and conductive thin films (GTCFs), fabricated by ther-
mal reduction of graphite oxide, have very similar elec-
tronic and structural properties as highly oriented pyrolytic
graphite (HOPG). Electron spectroscopy results suggest that
the GTCFs are also semi-metallic and that the individual
graphene sheets of the film are predominantly oriented par-
allel to the substrate plane. These films may therefore be
considered as a technologically relevant analogue to HOPG
electrodes, which cannot be easily processed into thin films.
PACS 61.05.Cj · 73.61.-r · 79.60.Bm
1 Introduction
Recently, graphene-based thin films have attracted consid-
erable attention as they are chemically robust, exhibit high
electrical conductivity and good optical transparency in the
visible and near-infrared region [1–6]. This renders these
films interesting as electrodes for various applications, e.g.,
in organic electronic devices [5, 6] or for spectroelectro-
chemical studies. Other transparent and conductive thin film
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materials, such as indium tin oxide or fluorine tin oxide,
however, are problematic for several applications [5, 7]. The
limited availability of the element indium on earth, the poor
transparency of the oxides in the near-infrared, and their in-
stability in the presence of acid or base motivate the search
for alternatives. Graphene films fabricated from exfoliated
graphite oxide, followed by thermal reduction, appear as
interesting candidates for electrode applications because of
their high conductivity (up to 550 S/cm have been demon-
strated) and transmission of 70% in the wavelength range of
1000–3000 nm [5]. The existence of graphene sheets in such
thin films has been evidenced by high-resolution transmis-
sion electron microscopy, and bulk Raman spectra revealed
the similarity of reduced graphene-oxide with carbon nan-
otubes or graphite with defects [5, 8]. It can thus be expected
that such graphene films have electronic properties similar to
various other sp2 hybridized carbon-based materials, such
as nanotubes or graphite. However, rather little is known
about the surface electronic properties of such graphene-
based films and the surface orientation of graphene sheets
over extended areas.
In this report we show that the surface electronic and
structural properties of graphene-based films fabricated by
thermal reduction of exfoliated graphite oxide are very sim-
ilar to those of highly oriented pyrolytic graphite (HOPG).
Using near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy and angle-resolved ultraviolet photoelectron
spectroscopy (ARUPS), the overall shape of the obtained
spectra allowed identifying chemical species, and the analy-
sis of incidence-angle dependent peak intensities, attributed
to particular transitions in NEXAFS and ARUPS, provided
information on the geometry. X-ray photoelectron spec-
troscopy (XPS) investigations corroborated these findings.
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2 Experimental
Photoemission and absorption experiments were performed
at the end-station SurICat (beamline PM4) at the syn-
chrotron light source BESSY (Berlin, Germany) [9]. The
ultrahigh vacuum (UHV) system consists of interconnected
sample preparation/load lock (base pressure: 1×10−8 mbar)
and analysis (base pressure: 1 × 10−10 mbar) chambers. Ex-
citation energy was 45 eV for UPS and 630 eV for XPS;
the spectra were collected with a hemispherical electron en-
ergy analyzer (Scienta SES 100) with 100 meV (UPS) and
250 meV (XPS) energy resolutions. X-ray absorption of the
carbon K-edge was collected in the energy range between
275 eV and 325 eV in steps of 100 meV (energy resolution
250 meV) at three different angles of incidence α = 0◦, 45◦,
and 70◦, respectively, where α = 0◦ corresponds to the elec-
tric field vector of the incident light being perpendicular to
the surface normal. The NEXAFS signal was obtained via
the sample current and normalized to the beamline photon
flux transmission by forming the ratio of the absorption of
the sample and previously recorded spectra obtained from
a freshly cleaned gold single crystal. HOPG (GE Advanced
Ceramics, USA) was cleaved in air immediately before load-
ing into the UHV system. Graphene-based transparent and
conductive films (GTCFs) were fabricated by dip coating a
quartz substrate with a graphite oxide solution, followed by
heat treatment at 1100◦C [5].
3 Results and Discussion
In XPS only the C 1s signal was clearly observed for HOPG
in a wide range scan of binding energies up to 580 eV (see
Fig. 1). Traces of oxygen could be seen in a close-up of the O
1s region, attributed to contamination of HOPG by O2 and
water due to the exposure to air prior to loading the sam-
ple into the UHV system. For the GTCF sample, however,
strong signals from O 1s and Si 2p core levels in addition
Fig. 1 XPS survey spectra of HOPG (top) and GTCF (bottom). Photon
energy was 630 eV
to the predominant C 1s could be detected. The Si 2p and
most of the O 1s signal is attributed to the quartz substrate.
The average graphene film thickness was 22 nm (as deter-
mined from atomic force microscopy measurements upon
scraping trenches into the film) and should thus completely
attenuate the XPS signal from the substrate. We conclude
that the films exhibited either small pinholes or had local-
ized scratches due to sample handling, which led to the Si
and O signal in Fig. 1. The presence of only one narrow
C 1s peak for the GTCF sample indicates chemical homo-
geneity throughout the film. XPS therefore indicates a high
chemical resemblance of HOPG and GTCF.
A comparison of the valence band spectra of HOPG and
GTCF reveals a pronounced similarity of the two specimens,
as can be seen in Fig. 2(a). However, there are some differ-
ences in peak intensity distribution. Most notably, the peaks
near 13 eV and 16 eV binding energy observed in the GTCF
spectra could be assigned to the C 2s valence emission from
sp3 hybridized carbon species [10]. The presence of such
types of defects in the otherwise sp2 hybridized carbon in
graphite has been proposed to exist in thermally reduced
graphite oxide samples on the edges of zigzag edges [8].
Fig. 2 UPS spectra of HOPG and GTCF. (a) Valence band for take-off
angles ϕ as indicated, (b) near-EF region for ϕ = 0◦; for comparison,
the Fermi-edge of Au is shown. The spectra are plotted relative to the
Fermi level, the photon energy was 45 eV
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Most importantly, the GTCF exhibits the same density of
occupied states close to the Fermi level (EF) as HOPG.
For both samples, the density of valence states extends to
EF [Fig. 2(b)] at room temperature, indicative of the semi-
metallic nature of both materials. The Fermi edge of clean
gold is also shown for comparison. Since HOPG exhibits
a strong angular intensity dependence in UPS due to its
high orientation of the π -orbitals (parallel to the surface
normal), the dependence of photoemission intensity on the
take-off angle ϕ was investigated for both HOPG and GTCF
[see Fig 2(a)]; ϕ = 0◦ indicates electron emission normal
to the sample surface. The dependence was as expected for
graphite and equally found for the GTCF, indicating a very
similar graphene sheet orientation and also pointing out that
surface contaminations (e.g., by disordered saturated hydro-
carbons, water, etc.) are minimal for both samples.
To further evidence that the reduced graphite-oxide film
has graphitic character, angle dependent NEXAFS experi-
ments were carried out (Fig 3). The spectral features origi-
nate from transitions of C 1s electrons into states of π - and
σ -symmetry, and dipole selection rules can be used to un-
derstand the angular dependence of the peak intensities (for
HOPG: C 1s → π∗ intense for incident electric field vec-
tor parallel to the surface normal; C 1s → σ ∗ intense for
the vector perpendicular to the surface normal) [11, 12]. For
Fig. 3 Angle-dependent NEXAFS spectra of (a) HOPG and (b) GTCF
the electric field, the vector of the incident light perpendic-
ular to the π∗ orbitals of graphite the absorption is mini-
mal; in our experimental set-up this corresponds to α = 0◦.
For α = 70◦, the electric field vector is almost parallel to
the π∗ orbitals, and the absorption is significantly stronger.
NEXAFS spectra of HOPG [Fig. 3(a)] show the well-known
signatures of absorption into π∗ states at 285 eV and σ ∗
states at 292 eV, respectively, and the expected angular de-
pendence as outlined above. Likewise, the absorption spec-
tra of GTCF [Fig. 3(b)] exhibit the same spectral features as
observed for HOPG, and importantly also the same angular
dependence of the π∗ and σ ∗ absorptions. This is a direct
evidence that (i) C in GTCF is in the same configuration
as in graphite, and (ii) the individual graphene sheets are
predominately oriented parallel to the sample surface, as in
HOPG. The results obtained from NEXAFS therefore cor-
roborate and verify the conclusion drawn from the ARUPS
and XPS investigations.
4 Conclusion
Summarizing the XPS, UPS, and NEXAFS results, it has
been shown that graphene-based thin films fabricated by
thermal reduction of graphite oxide have very similar elec-
tronic and structural properties as HOPG. However, the
presence of some sp3 hybridized carbon species is indicated
by surface sensitive UPS. The transparent and highly con-
ductive graphene film is likely semi-metallic, and the indi-
vidual graphene sheets of the film are predominantly ori-
ented parallel to the substrate plane. It is therefore possible
to use such graphene-based films as technologically relevant
analogue to HOPG, which cannot be easily processed into
thin films.
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